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Introduction
The changes in manufacturing systems and industrial structure brought about by the development of new, computer-based flexible technologies has been a subject of growing debate during the last decade. There is a lack of solid empirical support for almost all hypotheses developed in this debate since data on the relative use of various manufacturing systems are not available for an econometric analysis of the subject. The objective of this paper is to present a method based on factor analysis to determine the distribution of manufacturing systems across industries, and to construct a data set on the distribution of manufacturing systems based on flexible automation technologies in the U.S engineering industries. The data set is used to analyze the industry characteristics that foster the diffusion of flexible automation in the U.S. The emphasis here is on the relationship between the use of mass production and flexible automation systems. This is the first empirical study of the changes in manufacturing systems at this level of aggregation. Thus, especially given the nature of the method used in this paper, this analysis should be considered as an exploratory data analysis.
The paper is organized in the following way. Section 2 presents a simple analytical framework in which the relationships between various manufacturing systems can be examined. The methodology and results of the factor analysis of manufacturing systems in the U.S. engineering industries are presented in Section 3. The determinants of the diffusion of flexible automation systems in the U.S. are examined in Section 4 by using regression analysis. Section 5 conc1udes the paper .
. 2. Flexibility and manufacturing systems Several c1assifications of metalworking systems have been proposed to date, mostly on the basis of volume/variety characteristics. For our purposes, we could use the usual three-systems c1assification (piece, batch and mass production systems). Hypothetical cost curves for those systems (PP: piece, BP: batch, MP: mass production) are shown in Figure 1 . The most important technological development in manufacturing technologies(l) in recent years is the widespread diffusion of flexible automation technologies after 1975 when the first microprocessor-based numerically controi (NC) machine tool produced. Thus, a significant downward shift from BP to BP FA characterizes the effect of this technology in the late 1970s [for a history of machine tool technology, see Carlsson (1984) ]. Figure 1 illustrates two important aspects of flexibility. First, the flatter the unit cost curve is, the greater is the flexibility. This dimension of flexibility was first introduced by Stigler and can be named "volume flexibility". Second, the increase in unit cost by increasing the product variety is 10wer for flexible systems.
For example, the difference between BpL_Bp H curves should be narrower than 1 .
The focus of this paper is on the engineering industries, i.e. fabricated metal products, nonelectrical machinery, electrical machinery, transportation equipment, and precision equipment industries classified in SIC 34-38. Therefore, throughout the paper, "manufacturing systems" refer to metalworking systems used in the engineering industries. that of MPL_MP H curves if the former production type is more flexible. Superscripts L and H refer to low and high variety, respectively. "Variety" can be interpreted in many ways such as batch sizes, number of different parts produced, number of design changes, etc., since all of them have similar effects on unit costs.
Although a manufacturing system is not necessarily more flexible in both of these dimensions, it is assumed so in this figure. [The concept of flexibility inc1udes other dimensions which cannot be shown in this simple figure. For other dimensions of flexibility, see Carlsson (1989), and Taymaz (1989) .] Batch production is more economical than mass production at lower quantities. Moreover, it may be more economica1 for high-variety production at alllevels of output. For example, in Figure 1 , flexible automation system (BP FA ) can be used even for those quantities higher than BH for higher variety by duplicating the system instead of using the mass production system since the minimum unit cost of BpH FA is much lower that that of MP H . In other words, the mass production system is more economica1 only if total output level is high and the variety of production is low. (2) Batch production systems (and, hence, flexible automation systems) can < increase their scope towards the fields previously dominated by mass production under three circumstances. i) Flexible automation technologies may decrease production costs associated with batch production, thereby forcing producers to adopt flexible automation instead of mass production. In other words, a downward
2.
This type of relation between variety and volume appears in real problems, too. Dietz (1979: 349) reaches the following conclusion in his comparison of NC and automatic lathes: "The result is that almost independently of material the NC machine offers the more favorable solution for total quantities up to 10.000 irrespective of batch size [the low variety case] and up to a batch size of 50 irrespective of the total quantity [the high variety case] , while the programme controlled [automatic] machine proves to be economic for greater batch sizes and total quantities". shift from BpL to BpL FA will increase the scope of batch production from aL_bL to AL_BL by improving the cost advantages of this type of production relative to both piece and mass production, as shown in Figure 1 . ii) An increase in consumer demand for diversified products may also increase the scope of batch production against the use of mass production systems, because the former type of production presumably has higher variety flexibility. iii) Mass production systems that have lower volume flexibility may be economical no more simply because of the decline in the level of demand and/or increased market instability.
All of these circumstances are important arguments in favor of flexible automation. It is well-documented in the literature that new computerized technologies revolutionized batch production by weakening the link between automation and sca1e. These technologies have considerably reduced costs of batch production by combining "flexibility" and "automation" in this field [Jacobsson (1986: 9) ]. Moreover, intense fluctuations in world markets for engineering goods, growing consumer demand for differentiated products, and intensified international competition after the mid 1970s have emphasized the need for flexibility and flexible automation systems [Cainarca, Colombo and Mariotti (1989) ].(3) It sould be added that the current level of these technologies has failed to fulfill the expectations about ''volume flexibility", especially in the case of complex, large systems. However, these technologies offer high ''variety flexibility" thanks to reductions in time spent for setting-up machines for new jobs.
Thus, on the one hand, we find large flexible manufacturing systems (FMSs) working almost 24 hours a day producing small batches to exploit their variety flexibility, and, on the other hand, the use of simple, stand-alone NC machines that allow high degrees of both volume and variety flexibility.
Although major improvements were achieved in the field of batch production in the late 1970s, mass production systems also reduced their unit production costs in the 1980s. First, they also started to reap the benefits of electronics (increasing use of programmable logic controllers, etc.). Second, the improvements in batch production means cheapening of specialized machinery for mass production. For example, in electronics, developments in the design and manufacturing of integrated circuits have led to economical production of "application specific integrated circuits" (ASICs). Third, there is a strong trend 3.
There are, of course, counteracting forces in favour of mass production systems. For example, the internationalization of markets brought about by improvements in transportation and telecommunication technologies can give more scope for mass production systems. towards modularity and standardization of components to boost the production volume in many markets. Piece production systems traditionally based on manual machine controls have also benefitted from new technology. Digital readouts (DROs) are applied largely to conventional machine tools to improve productivity [U.S. Department of Labor (1982: 21) ]. The future of the relative use of manufacturing systems depends on complex technologica1 and economic factors.
But it is safe to say that controis based on electronics will be adopted to an increasing sca1e in all types of manufacturing systems and even the traditional mass production systems will tend to become more flexible.
It is almost customarily argued in any study on manufacturing technologies that the development of flexible automation technologies has revolutionized the manufacturing processes in the engineering industries starting in the mid 1970s.
A sharp downward shift in the cost function of batch production has been achieved by combining "flexibility" and "automation" (the shift from BP to BP pA in Figure 1 ). Accordingly, these changes in manufacturing technologies have increased the scope for flexible automation systems in the engineering industries, partially by replacing mass production systems. In the following section, this hypothesis will be tested by determining the major types of manufacturing systems and changes in their use in the U.S. engineering industries.
Flexible automation in the U.S. engineering industries
The relative use of manufacturing systems can be determined by factor analysis of data on the stock of machine tools since each manufacturing system is a combination of a specific set of machine toois. Although there are many types of manufacturing systems designed for different purposes, factors representing the basic types of manufacturing systems can be found by this method. (Incidentally, the factors found in this analysis roughly correspond to those depicted in Figure   1 . The only difference is that there are two separate factors for piece production of small and large workpieces, respectively.)
The database of this analysis is obtained from the 13 The first factor is significantly positively correlated with transfer machines and some other types of machines that are mainly used for high volume production such as rotational grinding, gear cutting, broaching, boring, and automatic milling machines. This factor (MASS) represents the mass production systems. The second factor is significantly positively correlated with all groups of NC machine tooIs, and negatively correlated with machines that are mainly used for conventional mid-volume production (turret lathes, drilling and automatic turning machines). Thus, this factor (FLEX) c1early represents the new, computerized flexible automation systems. The third factor is positively correlated with heavy lathes, radial drilling machines, vertica1 lathes, and some types of grinding machines. This factor (PHVY) is related to the batch production of heavy workpieces. The final factor (PIECE) represents 10w-volume production.
It is positively correlated with batch-type milling machines, small lathes, and surface grinding machines, and is negatively correlated with a number of machines that have different characteristics. The characteristics of products manufactured in the engineering industries 4. Factor analysis generates factor scores in standardized form, i.e., factor scores have zero mean and unit variance. Therefore the dependent variable, 6FLEX, can be regarded as relative diffusion rate.
should playan important role in the diffusion of flexible automation systems as explained in Section 2. In our mode1, we employ two variables to measure the effects of product attributes. DIVER, the (log) number of intemationally traded products at the 8-digit SIC level, is a proxy for product diversity. This variable is [Adler and Borys (1989: 391) ]. For example, the manufacturing of engine blocks is relatively complex and thus suitable for NC machine toois, whereas the manufacturing of bolts and nuts may never warrant the use of those types of machine toois.
Moreover, it is argued that one of the most significant advantages of these systems lies in reductions in holding WIP inventories. These systems would be more advantegous to those plants that used to have high level of WIP inventories.
Thus, the coefficient of this variable is expected to be positive.
These variables are not the only factors that affeet the diffusion of flexible automation systems. There are also a number of industry characteristics that should be taken into aecount in our model. The following variables are also inc1uded in the regression estimates.
TECH is equal to the share of teehnicians in total employment in 1980.
There are debates over the skill requirements of flexible automation teehnologies. Adler and Borys (1989: 391) state that the use of these systems "may uneover a
[skill] upgrading trend as machine shops using NC with higher-skilled workers to capitalize on these product characteristics outperform those shops where lessskilled labor prevents them from achieving such gains." H this argument is correet,
i.e., if these teehnologies ean be more advantageous for those with higher-skilled SPEC is expeeted to have a negative coefficient since a higher value of this variable (i.e. produets c1assified in other industries have a lower share in the total output of this industry) may show the suitability of this product for specia1ized (presumably, mass) production. COVRG is equal to the share of an industry in total production of the products c1assified in it. This variable should have a positive sign; the higher the value of COVRG is, the lower is the integrability of the industry's products into other industries' manufacturing process.
XSHARE, the ratio of exports to domestic supply, is a proxy for the intemationalization of production. The coefficient of this variable is expected to be negative because the intemationalization can give more scope to mass production systems. ENfRY is equal to the ratio of net entrants to the total number of plants. Romeo (1975 Romeo ( , 1977 found in his study of the diffusion of NC machine tools that high competition (measured by the number of firms and the variance of the distribution of firm employment in industry) leads to higher rates of diffusion.
Therefore, the coefficients of the ESTNUM and SCALE variables are expected to be positive and negative, respectively.(S)
5. Three variables were also tried in the model: R&D intensity (proxy for the frequency of product changes), the standard deviation of annual output in the period of 1977-1985 (proxy for output fluctuations), and average annual rate of output growth. However none of these variables were significant in any estimation.
The complete model is as follows. (6) [1]
The regression results are shown in Table 1 . In regression 1, where all the explanatory variables are included, the coefficient of determination, R 2 , is 87.80, and all the coefficients have the expected sign. Moreover, all but two of the coefficients are statistica11y significant at the 5% level. (7) The initial extensive use of mass production systems (MASS78) has a significantly positive impact on the ch ange in the use of flexible automation systems (OFLEX), and, incidentally, it is the variable that has the bighest tstatistic in that equation. The PIECE78 and PHVY78 variables also have positive coefficients. The coefficient of FlEX78 bas a negative sign. This means that tbose 6.
Note that this equation can be rewritten as follows.
In this case, the share of investment in fleXible automation systems in the period 1978-1983 is defmed as a function of initial industry characteristics.
In the estimation of the model one may suspect the problem of heteroscedasticity since the dependent variable is an average for plants that form the "industry". Moreover, the way by which factor scores and the dependent variable are ca1culated may create this problem. The Breusch-Pagan tests were performed to test the existence of heteroscedasticity. The ESTNUM, DIVER, CFLEX, FLEX78, and combinations of these variables are used in heteroscedasticity tests. The null hypothesis of homoscedasticity is not rejected in all tests. Therefore, it is assumed that heteroscedasticity is not a serious problem.
7.
Heteroscedasticity-consistent estimates were also found by using White's method. As may be expected, heteroscedasticity-consistent estimates have higher t-statistics for almost all of the coefficients but the increases in t -statistics are not substantial, and there is no ch ange in the interpretation of regression results. This may be viewed as support for the results of heteroscedasticity tests. Notes: Numbers in parentheses are t-values .•• and • mean statistically significant at the 5% and 10% leveis, respectively (one-tailed test). OI.S: Ordinary least square estimates, IVE: instrumental variables estimates (instrumental variables: industry dummies at the 2-digit level, and all dependent variables except FLEX78). An outIier industry was excluded in regression 4. Variables: MASS78, FLEX78, PHVY78, and PIECE78: the use of mass, flexible, piece-heavy, and piece manufacturing systems in 1978, DIVER: log of the number of intemationally traded products at the 8-digit SIC leve\, WIP: the share of work-in-process inventories in total value of inventories, CAPL: the value of depreciable assets per employee, 1ECH: the share of technicians in industry employment, SPEC: the speciaIization ratio, COVRG: the coverage ratio, XSHARE: the ratio of export to domestic supply (domestic production plus imports), ENfRY: the share of (net) new plants in total in 1979 total in -1984 average size of plants that are larger than average in the industry, ESINUM: log of the number of plants.
Sources: MASS78, FLEX78, PHVY78, and PIECE78: the results of factor analysis of American Machinist's machine tool stock data (see Table Al ). 1ECH: NSF, Scientists, Engineers, and Technidans in Manufacturing and Nonmanufacturing Industries: 1980 -1981 (Washington, DC: NSF, 1983 Manufactures, 1979. industries that were relatively weIl endowed with flexible automation systems have 
Conclusions
The results of this study confirm the commonly held notion that there was an increase in the use of flexible automation systems, partially by the replacement of mass production systems, in the U.S. engineering industries in the late 1970s. This trend can be reversed only if i) a shift in the focus of technological development occurs in favor of mass production technologies, or ii) high growth rates and stability of markets that can stimulate the use of mass production systems can be achieved in the engineering industries. Both of these developments seem highly unlikely in the near future. Hence, the shift towards the use of flexible automation systems away from mass production can be expected to continue in the medium-ron even though mass production systems are being made more flexible by the off-springs of new technologies.
